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(54) Magnetooptical recording medium and method for reproducing information from the 
medium 

(57) A magnetooptical recording medium comprises a transparent substrate, a first magnetic layer laid on the sub- 
strate, which has in-plane magnetization at room temperature and vertical magnetization at an elevated temperature, 
a second magnetic layer for storing information, which is lakJ on the first magnetic layer and which has vertical magnet- 
ization between the room temperature and a Curie temperature thereof, and a third magnetic layer disposed between 
the first magnetic layer and the second magnetic layer and rmde of a magnetic phase transition material undergoing 
reversible transition from antiferromagnetism to ferromagnettsm. wherein an antrf erromagnetism-f erromagnetism phase 
transition temperature of the third magnetic layer is near a temperature at which the first magnetic layer changes from 
In-plane magnetization to vertical magnetization. 

An rnformation recording method for reproducing information from the magnetooptical recording medium comprises 
a step of forming a light spot as in-adtating laser light through the substrate to the first magnetic layer, a step of causing 
a temperature distribution caused by irradiatkyi of the laser light to define, in the light spot, a first regron in which mag- 
netizatkxi of the first magnetic layer is oriented mainly kxigitudinally and in which magnetic domain information in the 
second rr^gnetic layer is masked against reading by the magnetooptk^l effect, and a second regbn in which the first 
magnetic layer changes into vertical magnetizatkm and in whk:h the magnetic domain information recorded in the second 
magnetk: layer is transferred to the first magnetk; layer, and a step of reproducing the magnetk: domain information in 
the second regkxi by the magnetooptk:al effect, utilizing reflected light of the laser tight. 
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Description 

The present invention relates to a nia^etooptical recordng medium for recording and/or reproducing information 
with a laser beam, utilizing the magnetoopticat effect, anda nrmthod for reproducing information from the magnetooptical 

s recording medium, and nrx^re particularly to a magnetooptical recording medum enabling high-density recording and a 
method for reproducing information using the medium. 

As rewritable high-density recording media, attention is being given to magnetooptical recordng media in which 
information is recorded by writing rriagnetic domains in a magnetic thin film using thermal energy of semicorxJuctor laser 
and from which the information is read using the magnetooptical effect Recently growing is the desire to further enhance 

10 the recording density of magnetoopticaJ recording media to obtain higher-capacity recording media 

The linear recording density of optical discs deluding the magnetooptical recording media depends largely on the 
laser wavelength X of reproduction optical system and the numerical aperture NA of objective lens. Namely, it depends 
upon that the size (spot size) of beam waist of reproduction laser light is determined once the reproducing light wave- 
length X an6 the numerical aperture NA ci objective lens are determined. The shortest mark length is about Ay2NA. 

IS which is the reproducible limit. Meanwhile, the track density is restricted nrtainly by crosstalk between adjacent tracks, 
and also depends upon the spot size of reproducing beam as the shortest mark length does. Accordingly, in order to 
realize high recording density with the conventional optical discs, it becomes necessary to shorten the laser wavelength 
of reproduction optk^l system or to increase the numerical aperture NA of objective. 

However, shortening the wavelength is not easy in respect of efficiency, heating, or life of laser devce. On the other 

20 hand, increasing the numerical aperture of objective lens makes nnachining of lens difficult and the distance between 
the lens and the optical disc too short, thus raising a problem of collskin etc. between the objective and the optk:at disc. 

The inventor proposed in Japanese Laid<»pen Patent Applicatk)n No. 6-124500 the super-resolution technk^ue 
necessitating no external magnetic fiekJ upon reproductkxi and realizing recording density of over the optical resolutkxi 
of reproducing light (corresponding to the above spot size), and the magnetooptical recording medium suitable for the 

^ super-resolutk3n technique. 

Fig. 1 A is a cross sectkyt of an example of the magietooptical recording medium to whk:h the super-resolution 
technk|ue is applicable. The nriagnetooptk^l recording mecfium (optical disc) is constructed in a laminatk)n structure of 
an interference layer 43, a reproducing layer 41 , a menvxy layer 42, and a protective layer 44 formed in orcter on a 
transparent substrate 50. and arrows shown in the reproducing layer 44 and memory layer 42 of magnetic layers rep- 

30 resent directons of iron group element sublattice magnetizatton in the magnetic layers. The memory layer 42 is com- 
prised of a film with large vertical magnetc anisotropy. for example such as TbFeCo or DyFeCo, arrd the reproducing 
layer 41 is comprised of a film wh ich is a tongitudna! nnagnetk: layer at room temperature but tums into a vertk:al magnetk; 
layer with increase of temperature to above threshokJ temperature T^j. Recording information for this medium is retained 
by whether the dlrectnns of magnetk: donrtains formed in the memory layer 42 are upward or downward to the film surface. 

36 When a light beam 38 for reproductk)n of infomnation is projected to the medium of this structure from the skie of 

substrate 50 white rotating the medium, the temperature gradient becomes as shown in Fig. 1C at the center of a data 
track (Fig. IB) composed of grooves 36a, 36b and a land 37. Observing it from the side of substrate 50. there is an 
isotherm of temperature as represented by the U-shaped thk:k soiki line in Fig. 1 B, within a light spot 32 formed by 
the light beam 38. As described above, the reproducing layer 41 is the kxigitudinal magnetic layer in the regksn of bek>w 

40 the temperature T^^ (the right-upwardly hatched regkxi in the drawing), whk:h does not contribute to the polar Ken- effect 
(or which forms a frorrt mask regksn 34). Thus, the recording magnetk: domairw retained in the menDory layer 42 are 
masked to beconne invistole from the viewpoint of the magnetooptk:al effect On the other hand, the reproducing layer 
41 becomes the vertksl magnetk; layer in the regkxi of abcve J^^ (the left-upwardly hatched regkxi in the drawing), and 
directions ctf sublattk:e magnetization in the reproducing layer 41 become aligned with those of the recording information 

45 in the memory layer 42 because of exchange coupling force. As a result, the recording magnetic domains in the memory 
layer 42 are transferred to the reproducing layer 41 only in an apertu re regk)n 33 smaller in size than the spot 32, whereby 
reproducing sigriats can be detected only from the smaller regron than the radius of light spot 32 and whereby the size 
of recording mark 31 can be made fully snr^ller than the size of light spot 32, thus realizing super resolutk)n. 

Since in this super-resolutksn reproducing method the k>w-temperature region in the light spot 32. i.e. , the front mask 

so region 34 extencte toward adjacent tracks, this method can increase the track density as well as the linear recording 
density. 

In the super-resolutkjn reproducing method as disctosed in Japanese Laid-open Patent Applk»tkxi Ho, 6-124500, 
there, however, exists a magnetc donnain wall between the reproducing layer and the merrK>ry layer in the magnetooptcal 
recording medium of the two-layer structure of magnetk: layers, and the ma^etic domain wall permeates into the re- 
ss producing layer with weaker magnetic anisotropy. Therefore, the transitk)n of the reproducing ^yer from the longitudinal 
magnetic layer to the vertical nnagnetk: layer with irtcrease of temperature occurs not steeply but gradually, whbh makes 
unclear the border between the mask regksn and the aperture regkxi. If the kxigitudinal nnagnetic anisotropy of the 
reproducing layer is enhanced at room temperature in order to soh^e this problem, there occurs a problem that it becomes 
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drfficutt to turn the reproducing layer into a perfect, vertical nnagnetic layer at reprodudng terr^rature. For exarrtple. it 
the reproducvig layer is made of a heavy rare earth-iron group transition metal alloy in an RE rich state (where the 
magnitude of a magrwtization vector of a rare earth element is greater than that of an iron group element), the rate of 
addition of Co is increased in order to prevent the Curie tennperature the reproducing layer from dropping and the 
rate of the rare earth element is increased to increase the saturation magnetization M3 at room tenrtperature so as to 
enhance the longitudinal magnetic anisotropy, which also increases the compensation temperature at the same time, 
resulting in failing to decrease the saturation magnetization sufficiently upon reproduction and thus failing to obtain 
a perfect, vertical magnetic layer. In contrast, if the longitudinal anisotropy is decreased at room temperature, the perfect, 
vertical magnetic film can be attained at reproducing temperature, but the border between the mask region and the 
aperture region becomes unclear at temperatures below it because the longitudinal anisotropy the reproducrig layer 
is weak. In addition, it becomes difficult for the reproducing layer to perfectly mask the magnetc information in the 
memory layer Accordingly, the method in tf)e Japanese Laki-open Patent Applicatnn Ho, 6-124500 is susceptible to 
improvement in order to obtain good reproductkm signals wftere the recording mark length or the track wkfth is decreased 
in the mecfium. 

Thus, the present inventor proposed the super- resolutkxi magnetooptcal recording medium (in Japanese Patent 
Application No. 6-45594 filed March 16,1 994) in which the tongitudinal anisotropy of the reproducing layer is enhanced 
at room temperature by provkling between the reproducing layer and the memory layer an intemrtediate layer having 
stronger longitudinal anisotropy at room tenrtperature than the reproducing layer and kywer Curie temperature than the 
reproducing layer and in which the reproducing layer tums into a sufficient, vertical magnetic layer upon reproduction, 
whereby the magnetk: informatk)n in the memory layer can be transfered to the reproducing layer. In this case, for 
example, the saturatksn magnetizatk>n M3 of the intermediate layer is made greater than that of the reproducing layer, 
whereby the bngitudtnal anisotropy of the intermediate layer is enhanced at room temperature. Therefore, the interme- 
diate layer is greatly influenced by the external magnetic fieki and the magnetostatic field from the medium at room 
temperature and there is a possbility that the quality of signals is degraded because the intermediate teyer is influenced 
upon reproductkxi by a magnetic fieti generated by a magnetoopticat recording apparatus (for example, a magnetic 
fieM from an external magnet for recording). 

An object of the present invention is to provkie a magnetooptical recording medium, based on further improvement 
in the super-resolutksn magnetooptical recording meda as descrbed above wherein the reproducing layer is the tongi- 
tudinal magnetic film at room temperature, which can perfectly mask the magnetic intormatton in the memory layer in 
the temperature range of from the room temperature to a temperature immediately betow a temperature of the high-tem- 
perature portton in the light spot of reproducing beam, which can reproduce the recording informatkxi very well in the 
high-temperature portkan in the light spot, and whrch can further improve the linear recording density and the track density 
on a stable basis, and to provide an informatkyi reproducing method using the magnetooptical recording medium. 

The atx>ve object can be achieved by a magnetooptk:al recording medium comprising: 
a transparent sut>strate; 

a first magnetic layer laki on the substrate, the first magnetk: layer having in-plane magnetizatton at room temper- 
ature and vertk:al magnetizatton at an elevated temperature; 

a second magnetic layer for storing informatton, the second nr^gnetic layer being laid on the first magnetic layer 
and having vertk:al magnetizatton between the room temperature and a Curie temperature thereof; and 

a third magnetk: layer disposed between the first magnetic layer and secorui magnetic layer and made of a magnetk; 
phase transitkxi material undergoing reversible transitkxi from antiferromagnetism to f erromagnetism; 

wherein an antiferromagnetisnrv-ferromagnetism phase transitton temperature of the third magnetic layer is near 
a temperature at which the first magnetic layer changes from in-plane magnetization to vertical magnetization. 

Also, the above object can be achieved by an information reproducing method for reproducing informaton from a 
magnetooptksl recording medium comprising: 

a transparent substrate; 

a first magnetic layer lakJ on the substrate, the first nnagnetk: layer having in-plane nrtagnetizatton at room temper- 
ature and vertical magnetizatton at an elevated temperature; 

a second magnetic layer for storing informatton, the second magnetic layer being laid on the first magnetic layer 
and having vertical magnetizatton between the room terrYperature arKi a Curie temperature thereof; and 

a third magnetic layer disposed between the first magnetic layer and second magnetic layer and madeol a magnetic 
phase transitton material undergoing reversible transitton from antiferronnagnetism to f erromagnetism; 

wherein an antiferromagnetism-ferromagnetism phase transitkyi temperature of the third magnetic layer is near 
a temperature at whk:h the first magnetk; layer changes from in-plane magnetizatbn to vertkal magnetization, 

the method comprising 

a step of forming a light spot as irradiating laser light through the substrate to the first magietk; layer; 
a step of causing a temperature distributton caused by irradiatkyi of the laser light to define, in the light spot, a 
first regon in whk;h magnetization of the first magnetk; layer is oriented mainly tongitudinally and in whch magnetc 
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domain information in the second magnetic layer is masked against reading by the magnetooptical effect, and a second 
region in which the first magnetic layer changes into vertical magnetization and \n which the magnetic domain infomration 
recorded in the second magnetic layer is tran^erred to the first magnetic layer; and 

a step of reproducing the magnetic domain infomnation in the second region by the magnetooptical effect, utilizing 
5 reflected light of the laser light 

A number of embodiment of the invention will now be described, by way of example only, with reference to the 
accompanying drawings in which: 

Figs. 1 A to 1 G are drawings to show a conventional magnetooptical recording medium and information reproducing 
10 method thereof, wherein Fig. 1 A is a diagrammatic cross section, Fig, 1 B a diagrammatic plan view, and Fig. 1 C a 

graph to show a temperature distribution at the track center; 

Fig. 2 is a diagrammatic cross sectkyi to show the bask: structure of a magnetooptical recording mecfium of an 
embodiment of the present inventkxi; 

IS 

Figs. 3A to 3C are drawings to illustrate the principle of an information reproducing method of an embodiment of 
the present inventkxi, wherein Fig. 3A is a plan view of a light spot. Fig. 3B a drawing to show magnetized states 
of magnetK layers, and Fig. 3C a drawing to show a temperature distribution; 

20 Figs. 4A to 4C are drawings to illustrate the principle of an information reproducing method with addilkxi of a thermal 

conductive layer, wherein Fig. 4A is a plan view of a light spot, Fig. 48 a drawing to show magnetized states of 
magnetk: layers, and Fig. 4C a drawing to show a temperature distributon; 

Fig. 5 is a drawing to show temperature dependence of magnetizatk>n of an FeRh thin film; and 

25 

Fig. 6 is a diagrammatk; cross sectkxi to show the structure of a magnetooptical recording medium according to an 
embodiment of the present tnventk)n, produced in Example 2. 

The magnetooptical recording medium of the present inventkxi is constructed in such a structure that an intermediate 
30 layer (third magnetk: layer) is provkied between the reproducing layer (first magnetic layer) and the memory layer 
(second magnetk: layer) in the super-resolutkxi magnetooptical recording medium as described above and that the 
intermediate layer (third magnetic layer) is made of a magnetic phase transrlkxi material whk;h undergoes reversible 
antiferromagnetism-ferromagnetism phase transilkxi and whk:h has a transitkxi temperature near the transrlkxi temper- 
ature of in-plane magnetization-vertk:al magnetizatkxi transition of the reproducing layer With this structure, in the 
35 high-temperature portion of light spot the reproducing layer changes into the vertical magnetk: film and the intermediate 
layer into the fenomagnetic phase, and the intermediate layer mediates exchange coupling between the reproducing 
layer and the memory layer, whereby domain infomnation in the memory layer is correctly transferred to the reproducing 
layer. On the ether hand, in the portion other than the hig^-temperature portion of light spot the reproducing layer remains 
as the longitudinal magnetic layer and the intermediate layer is in the antiferromagnetc phase, and the exchange cou- 
"to pitng is interrupted between the reproducing layer and the memory layer, resulting in completely masking the domain 
informatkxt in the memory layer. This medium permits the quality of reproductkxi signals in a super resolution state to 
be improved without adversely being affected by the extemal magnetic fiekJ or the random magnetic fiekJ inside the 
medium. 

In the magnetooptkal recording medium of the present inventkxi. the intermediate layer (third magnetic layer) may 
^ be comprised of FeRh as a main ingredient, whereby the quality of signals can be further improved and the medium 
can be produced easily. If the medium is further provided with a thermally conductive layer. partk:ulariy a thermally 
conductive layer made of a metal material mainly containing A!, thermal profiles can be made concentric in the light spot 
on the magnetooptk:al recording medium, variatkxts in magnetk: phase transitkxi on the medium can be suppressed, 
and the quality of reprodudkxi signals can be improved. 
so Now, the magnetooptical recording medium and information reproducing method using the medium according to 

the present invention will be described in detail by reference to the drawings. 

Fig. 2 is a diagrammatic cross sectkxi to show the bask: layer structure the magnetooptical recording medium 
according to the present inventkxi. The magnetooptk:al recording medium is constructed in a lamlnatkxi structure of the 
reproducing layer 11 of a first magnetk: layer, the intermediate layer 12 of a third magnetk: layer, and the memory layer 
55 1 3 of a second magnetk; layer arranged in this order from the incidence side of reproducing light. The reproducing layer 

11 is made from a magnetk; film whk;h is the longitudinal magnetic film at room temperature but turns into the vertk:al 
magnetic film between the room temperature and the Curie temperature of the memory layer 1 3. The intermediate layer 

1 2 is made of a magnetk: phase transition material which reversibly changes from antifenomagnetism toferromagnetlsm 
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and which has the antiferromagnetism4erromagnetism phase transition temperature near the temperature at which the 
reprodixang layer 1 1 changes from the longitudinal magnetic film to the vertical magnetic film. Further, the memory layer 
1 3 is made from a vertical magnetic film which can ^ably hold magnetic information. 

The reproducing layer 11 is a layer for reproduction of magnetic information retained in the memory layer 1 3. which 
is, as described above, located closer to the incident side of reproducing light than the memory layer 1 3 and made from 
the magnetic layer which is the longitudinal magnetic fihi at room terrtperature but turns into the vertical magnetic film 
between the room temperature and the Curie temperature of the memory layer 1 3. Transition occurs from the longitudinal 
magnetic film to the vertical magnetic film, for example with compositions having the compensation temperature between 
the room temperature an6 the Curie temperature. It is desired to s^ the Curie temperature of the reproducing layer 11 
higher than at least the Curie temperature of the merTK>ry layer 13 in order to prevent the Kerr rotation angle from being 
degraded upon reproduction. Examples of the material for the reproducing layer 1 1 are rare earth-iron group amorphous 
alloys, specifically materials mainly containing GdFeCo, such as GdFeCo. GdTbFeCo. GdDyFeCo, or NdGdFeCo, which 
are preferred because of high Curie temperature and low coercive force. A too thin film thickness of the reproducing 
layer 1 1 would be insufficient to mask the magnetc information in the memory layer 1 3. whereas a too thck film thckness 
woukJ require high laser power upon reoortfing. Thus, an appropriate range of film thckness of the reproducing layer 
11 is between 15 nm and 100 nm, preferably between 20 nm and 60 nm, more preferably between 25 nm and 45 nm. 

The intermediate layer 12 is kxated between the reproducing layer 11 and the memory layer 13 and is made, as 
described above, of a material whk:h urutergoes such reversible magnetc phase transition that rt is antiferromagnetc 
at room temperature, changes from antiferromagnetism to ferromagnetism when the temperature is raised up to near 
the temperature at which the reproducing layer 11 changes into the vertical magnetk; layer, and returns again to the 
antiferrcxnagnetic member when the temperature is bwered to the room temperature. Then the intermediate layer 12 
has functwns to shiekJ exchange force from the memory layer 13 when being antiferromagnetic in the temperature 
region where the reprodudng layer 11 is the kxigitudinal magnetic film and to mediate exchange coupling force when 
becoming ferromagnetk: whenever the reproducing layer 11 beconies the vertical nr«gnetic layer. Examples otf the ma- 
terial for the intermediate layer 12 are magnetic layers mainly containing either of FeRh, MnSb. MnCrSb, HfTaFe. and 
MnR. ArTK)ng tiiem FeRh is nrwst preferred because it can readily form a magnetic film having the magnetic phase 
transition temperature of above room temperature. Further, an additive element, such as Pd, R, or Ir may be added to 
FeRh in order to adjust the magnetic phase transitk)n temperature, for example. A too thin film thickness of the inter- 
mediate layer 12 would be insufficient to shiekl the coupling force from the memory layer 13 at room temperature, 
whereas a too thick layer wouki require high laser power upon recording. Thus, the thk:kness range of the intermediate 
layer 12 is preferably between 2 nm and 20 nm both trrclusive, more preferably between 5 nm and 15 nm both iruHusive. 
The magnetc phase transitkxi temperature of the intermediate layer 12 is preferably set near the temperature at whk:h 
the reproducing layer 11 changes from the longitudinal magnetic film to the vertk:al magnetic film, specifically within the 
range of ±5 °C of the temperature. 

The memory layer 1 3 is to be the vertical magnetc layer between the room temperature and the Curie temperature 
and to be a layer for storing recording information, and needs to be capable of stably retaining magnetc domains. 
Examples the material for the memoty layer 1 3 may include those having great vertcal magnetc anisotropy and being 
capable of stably retaining magnetized states, for example rare earth-iron group transition metal alloys such as TbFeCo. 
Dy FeCo. and TbDyFe. gamet, or platinum group-iron group periocfic structure filnris, for example such as Pt/Co or Pd/Co. 

The reproducing layer 1 1 , intermediate layer 1 2 or memory layer 1 3 may include an additive element for improving 
corroskx) resistance, such as Al. Ti. R, Nb. or Cr In addition to these reproducing layer 11 , intermediate layer 12. and 
memory layer 1 3. the magnetooptical recording medium of the present invention may include a layer made of a dielectrk: 
such as SilMjf. AIO^. TaO,. or SiO^ in order to enharK^e interference result or protectkxi performance. A layer with high 
thermal conductkxi. such as Al, ATTa, AITi. AlCr, or Cu, may be provided in order to improve thermal conduction and to 
achieve a more preferred temperature distrtoution in the recording medium. In order to perform optk:al modulation over- 
write, the recording nr^ium may include an initializatkxi layer in whch magnetization is aligned in one direction or an 
auxiliary layer for adjusting the exchange coupling force or magnetostatk: coupling force to help recording or reproducing 
procedure. Further, the recordirig medium may include, as a protective film, a dielectric layer made of the dielectrk: as 
descrtoed above or a protective coat made of a polymer resin. 

Next described are recording and reproducing processes of the present inventkxi. 

With the nr»gnetooptical recording medium according to the present inventon, recording domains are first formed 
in the memory layer of the mecfium. according to data signals (recording process). As tiie recording method there are 
methods using oplcal modulatkx). such as the method (erase-write recording) in whfch record on the medium is first 
erased arKi then new informatkxi is recorded by modulating laser power while applying a magnetic fiekJ in the recording 
directbn. the method (overwrite recording) in whch new data is directly recorded on okj data by modulating laser power 
while applying the external magnetk; field, etc. In use of these optfcal modulatton recording methods, if the intensity of 
laser light is determined taking account of the linear vekxity of recording medium so that only a predetermined regon 
Inside the light spot of laser beam for recordng reaches the temperature near the Curie temperature of the memory 
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layer, recording domaffis smaller than the diameter of light spot can be formed, and as a result, signals can be recorded 
at periocte of below the diffraction limit of light. In case of the overwrite recording while irradiating and modulating the 
laser light with siK^h power that the memory layer comes to exceed the Curie temperature, the modulation speed is set 
to high speed according to the linear velocity of medium, whereby recording domains smaller than the diameter of light 

s spot can be formed, artd as a result, signals can be recorded at periods ol below the diffraction limit of light 

Next explained is reproduction of sigrialsfrom the magn^ooptical recording medium in which signals were recorded 
at periods smaller than the diffraction limit of light as described above. The reproducing method of the present invention 
achieves magnetic super-resolution reproduction by apparently masking some region in the light spot formed by repro- 
ducing light, from the viewpoait of rr^gnetooptical effect Figs. 3A to 3C are drawings to illustrate the principle of an 

10 information reproducing apparatus of the present invention, wherein Fig. 3A is a plan view of the light spot, Fig. 3B a 
drawing to show magnetization states of the respective magnetic layers, and Fig. 3C a drawing to show a temperature 
distribution. In Fig. 3B, arrows given in respective layers represent directions of main subtattice magnetization or direc- 
tions ol overall magnetization. 

Let us suppose that land 7 and grooves 6a. 6b are formed in the mecfium an6 that recording mark 1 is to be formed 

IS in the land 7. The diameter of recording mark 1 is sufficiently smaller than that of light spot 2 on the medium. Assuming 
the medium is moving relative to the light spot 2. as indicated by the illustrated arrow, the front end regnn of light spot 
2 with respect to the traveling directnn of medium becomes over the transitkxi temperature between the longitudir^a) 
magnetic film and the vertical magnetc film of reproducing layer 11. The thick solid line as illustrated represents an 
isotherm of the temperature T^, In the light spc^ 2. the regkxi of less than the temperature (the right-upwardly hatched 

20 regnn in the drawing) is a front mask region 4, and the regkxi of rK>t less than the temperature Tq, (the left-upwardly 
hatched regnn in the drawing) is an aperture region 3. In the front mask regbn 4 of a k>w-temperature region, the 
reproducing layer 11 remains as the kxigitudinal magnetn film, functioning as an optnal mask. In the aperture region 3 
of a high-temperature region, the reproducing layer 11 becomes the vertcal magnetn film, so that domain infonmatwn 
in the memory layer 13 is transferred to the reproducing layer 11 by exchange coupling, thereby enabling detectkxi of 

2S recording inforrr^tion. From the viewpoint of the magnetooptnal effect utilizing reflected light, because only signals from 
the aperture region 3 are detected, a signal from the recording mark 1 can be reproduced even if the diameter of recording 
mark 1 is smaller than that of light spot 2. hiamety. super-resotutkxi reproduction becomes possible. 

The magnetoopticat recording medium of the present inventkxi is characterized in that the magnetic phase transitnn 
material is used for the intermediate layer 12 provkied between the reproducing layer 11 and the memory layer 13. 

30 Properties of this intermediate layer are next explained. 

The intermediate layer is an antiferromagnetc substance at room temperature (a magnetb substance in which 
adjacent spins are directed in mutually opposite directions to cancel each other, among magnetk: substances), becomes 
ferromagnetk: at temperatures of not less than the magnetic phase transitbn temperature, and returns to the antiferro- 
magnetic substartce when the temperature drops to the room temperature. Accordingly, the intermediate layer is always 

3S antiferromagnetc in the terrtperature range of from the room temperature to the magnetn phase transitksn temperature. 
Thus, the exchange coupling force from the memory layer is completely shiekled by the intermediate layer, so that the 
reproducing layer is not subject to effective magnetc fiekJ from the memory layer due to exchange coupling, thus be- 
coming perfectly of the longitudinal magnetk; film. This enables the reproducing layer to completely mask magnetk; 
informatnn recorded in the memory layer. In Fig 3B the antiferromagnetic phase is indicated by b^k. 

40 On the other hand, the intermediate layer becomes fenwnagnetn by magnetic phase transitkxi at the reproducing 

temperature (temperature of the aperture regnn in the light spot). On this occasion, the reproducing layer is at temper- 
ature over the transrtnn temperature to the vertk:al magnetic film, and thus stably changes into the vertk:al nnagnetk; 
film because of the exchange coupling force from the memory layer. Thus, magnetn informatnn in the memory layer is 
transferred to the reproducing layer by the exchange coupling force, and it becomes possible to reproduce the magnetk: 

45 informatnn by the magnetooptcal effect. Even though the intermediate layer itself does not have the vertk^al magnetk: 
anisotropy at the reproducing temperature, dtrectnns of magnetization of the intermedate layer are aligned with direc- 
tnns normal to the film plane, that is, parallel to dirednns ci magnetization of the memory layer and reproducing layer, 
by the magnetk: coupling force from the memory layer arKi the reproducing layer coming to have vertical magnetk: 
anisotropy. Accordingly, the intermediate layer f urx:tnns to effectively transfer the magnetk: infomnatnn in the memory 

so layer to the reproducing layer. 

Since the intermediate layer is antiferromagnetc between the room temperature and the magnetk: phase transitnn 
temperature thereof, it is free of influence of the external magnetk: fiekj or the magnetostatic field from the recording 
medium. Thus, the intermediate layer will not be affected upon reproductkxi by the magnetn fieU f rom the magnetooptk:al 
recording apparatus, for example by the external magnet for recording, whereby a mask is stably produced by the 

ss reproducing layer, thus improving the quality of reproductkxi signals. When the reproducing layer becomes the vertnal 
magnetk: film to be exchange-coupled with the menrK)ry layer through the intermediate layer, it is free, upon reproduct'nn, 
of adverse effect not only from the magnetostatk: fieki inside the medium, but also from the external magnetk: field for 
recording, because of the suffrctently strong exchange coupling force. 
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The intermediate layer is. for example, a magnetic layer containing FeRh as a main ingredient. Examples of applt- 
catiorts of FeRh to magnetcoptical recording media are already laid open. For example, the buHeth of Japanese 
Laid-open Patent Application No. 2-281442 discloses attempt to use a FeFlh layer as an auxiliary layer in an optical 
modulation ovenwrite medium to expand the threshold range of laser power and to decrease the initialization magnetic 

s field. In ths case, the auxiliary layer of FeRh is used for the purpose of decreasing magnetic interaction due to magne- 
tostatic interaction between the recording layer and the auxiliary recording layer at room temperature but increasing it 
at high temperature. Also, the bulletin of Japanese Laid-open Patent Application No. 6-20330 discloses attempt to form 
information bits or tracks by using FeRh with themnal hysteresis and causing irreversible magnetic phase transition of 
the memory layer made of FeRi etc. by heat of laser light. 

10 In the present invention the magnetic phase transition material represented by FeRh is. however, used for the 

following purposes, different from the above-dtscussed conventional examples, thereby achieving the magnetic su- 
per-resolution effect which is not disclosed in the above conventional examples. 

A first purpose of using the ma^etic phase transition material tor the intermediate layer in the present invention is 
to adjust the exchange interaction force between the reproducing layer and the memory layer reversely and in stages. 

IS In detail, the intermediate layer made of the magnetic phase transition material is provided so that it shields the exchange 
force from the memory layer at low temperatures before the reproducing layer is transfen-ed into the vertical magnetic 
film, to keep the reproducing layer in the state of in-plane magnetizatkxi arKi so that it permits the nragnetk; informaton 
from the menrrary layer to be efficiently transferred to the reproducing layer after the reproducing layer changed into the 
vertical magnetic layer. Ihts improves the quality of reproductbn signals. 

20 A second purpose to use such an intermediate layer is to reduce influence from the external magnetic field and to 

keep the reproducing layer stably in the kxigitudirtal magnetc film in the front mask regkxi even if there exists the external 
magnetk: fiekj. This can further improve the quality of reproductky) signals. 

The magnetooptical recording medium of the present inventk)n may further include a layer with high thermal con- 
duction (thermally conductive layer) such as Al. AITa. AlTi. AlCr, or Cu. A preferred nraterial for the thermally cofKluctive 

25 layer is a metal material containing Al as a nr»ain ingredient. Figs. 4A to 4C are drawings similar to Figs. 3A to 3C, but 
different in that the thermally conductive layer 16 is provided. Since the exannple shown in Figs. 3A to 3C excludes the 
thermally conductive layer, the aperture region 3 is offset from the center of the light spcA 2; whereas, where the thermally 
conductive layer 16 is laid directly or through a dielectric layer on the memory layer 13, the peak of temperature distri- 
bution in the medium comes to near the center of the light spot 2, as shown in Fig. 4C. This defines the aperture regk>n 

30 3 in the central portion of the light spot 2 and the front mask region surrounding the aperture regkxi 3. In this case, the 
quality of reproduction signals is further improved because reproduction is done in the center of the light spot 2, that is. 
in the portkxi with strong light intensity. 

The present inventkxi will be further descrtoed in more detail with experimental examples. It shoukJ be. however, 
noted that the present inventon is by no means limited to the following experimental examples. 

35 

Example 1 

In order to check magnetk: properties of the FeRh film, the FeRh film was formed on a glass substrate using a dc 
magnetron sputter apparatus. Controlling power to Fe target and Rh target, the composition of the FeRh film was adjusted 

40 at an atomk; ratk) of Fe:Rh = 47:53. The film thfckness of the FeRh film was 100 nm. After completon of formation of 
the FeRh film. SiN was further formed in the thrckness of 80 nm as a protective film. 

Using a vibrating-sample magnetometer, rragnetization of a sample of the FeRh thin film thus obtained was meas- 
ured as applying the external magnetk: fieki thereto. In measurement the sample was heated from the room temperature 
to 500 "C as evacuating a space including the sample by a rotary pump to 1 x 10~^ Pa. Fig. 5 shows a change of 

^ magnetizatnn against temperature when the external magnetic fiekJ of 5 kOe was applied. As shown in Fig. 5, this FeRh 
sample underwent reversible magnetk: phase transition from antiferromagnetism tof erronnagnetism. Magnetizatkxi sud- 
denly took place at about 130 *C in case of temperature rise, while the transitkxi occurred at almost same temperature 
in case of temperature decrease. 

Next checked was influerKe of an additive element to FeRh. When 5 to 1 0 % Ir with respect to Rh was added to 

so FeRh in the above compositun, the phase transrtk)n temperature became akx>ut 170 "C to 280 ''C higher than the 
sample without additive, depending upon an amount of additive. Similarly, when 2 to 6 % Pd with respect to Rh was 
added, the phase transitk)n temperature became about 50 °C to 150 k>wer than that of the sample without additive. 
When an amount of Rh in the FeRh thin film was changed in the range of 48 to 62 atomic %, the magnetk: phase 
transition temperature became higher as the content of Rh increased. It was found that a pr^erred content of Rh was 

ss in the range of 50 to 60 atomk: % in case of the intermediate layer being the FeRh film, taking account of the relation 
with prefen-ed reproducing temperature (the corKiitkxi that the reproducing regkDO must be in the f erroma^etk: phase). 
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Example 2 

Next prepared was the magnetooptical recording medium of the present invention with the intermediate layer of the 
FeWi thin film. Fig. 6 is a cross section to show the structure of the medium prepared. This medium was constructed in 
5 such a lamination structure that interference layer 14. reprodudng layer 11, intermediate layer 12. memory layer 13, 
and protective layer 15 were successively laid in this order on a transparent substrate 20. 

First, targets of Si. Gd, Tb. Fe. Co, and Rh were set in the dc magietron sputter apparatus, and a pre-grooved glass 
substrate of diameter 130 mm was fixed in a substrate holder set at a position where the distance to the targets was 
150 mm. After that, the chanrtber was evacuated by a cryo-pump up to high vacuum of below 1 X 10~^ Pa. Next, Ar gas 
10 was introduced into the chamber to 0.4 Pa as continuing evacuation, and then the SiN interference layer was formed 
in the th'ckness of 90 nm artd the GdFeCo reproducing layer in the thickness of 40 nm. Next, the FeRh intermediate 
layer was formed in the thickness of 12 nm. the TbFeCo memory layer in the thickness of 35 nm, and the SiN protective 
layer in the thickness of 70 nm, successively. In the film formatkxY the SiN interferer^ce layer and SiN protective layer, 
the film formation was brought about by reactive sputtering as introducing N2 gas in additkyi to the Ar gas into the 
IS chamber and adji^ting the mixture ratb of the gases so as to obtain an index of ref ractkxi of 2.2. 

The GdFeCo reproducing layer showed the compositkxi of Gdgo (Fe65Cp35)7Q, the RE rk:h property (where the 
magnetizatbn vector of rare earth atoms is greater than that of iron group atoms) at room temperature, the saturatkxi 
magnetizatkx) M3 of 1 % emu/cc. the compensatkxi temperature of 240 "C. and the Curie temperature of not less ttian 
300 *C. 

20 Further, the TbFeCo menrxwy layer showed the connpositkxi of Tb^g (Fe88CO|2)82, the TM rich property at room 

temperature, the saturation magnetizatkxi Mg of -120 emu/cc. and the Curie temperature of 220 '^C. 

Next, recording and reproducing properties were measured using this magnetooptcal recording medium. The meas- 
urement was carried out under the conditkxis that the numerical aperture NA of objective lens was 0.55, the laser 
wavelength 780 nm, the recording power in the range of 7 to 1 3 mW, the reproducing power in the range of 2.5 to 3.5 

2s mW, and the powers were set so as to obtain the highest C/N (carrier to noise) ratb. The linear vekx:ity of medium was 
set to 9 m/s. First, record in the surface of medium was erased, then carrier signals of 5.8 MHz, 11 .3 MHz, and 15 MHz 
(corresponding to mark lengths of 0.78 ^m, 0.40 pm, and 0.30 ^m, respectively) were recorded in the memory layer to 
check mark length dependence of C/N ratio. 

Next, crosswalk with an adjacent track (hereinafter referred to simply as crosstalk) was measured. The crosstalk 

30 was obtained as foltows. A signal of mark length 0.78 ^im was recorded in a land portion by the above method and a 
carrier signal intensity CI was measured. Then tracking was set on a next groove portkxi after erased, where a carrier 
signal intensity C2 was measured in the same manner. Then the crosstalk was obtained as a difference (C2 - CI) 
between them. 

The C/N and crosstalk were measured without applying the initializalon magnetk; fieW or the reproducing magnetic 
36 field. Measurement results of C/N and crosstalk are listed in Table 1 . 

Example 3 

Using the same film-forming apparatus as in Example 2, a niagnetooptical recording medium was obtained in the 
^ same laminatkxi stnicture by successively forming on a polycarbonate substrate, the SiN interference layer in the thbk- 
ness 90 nm, the GdFeCo reproducing layer in the thickness 40 nm, the FeRhIr intermediate layer in the thickness 10 
nm. the TbFeCo memory layer in the thickness 35 nm, and the SiN protective layer in the thbkness 70 nm. 

The GdFeCo reproducing layer showed the composit»n of Gd^(Fee5Co35)72. the RE rich property at room tem- 
perature, the saturation magnetizatkyi M3 of 160 emu/cc. the compensation temperature of 180 ""C, and the Curie tem- 
45 perature of not less than 300 'C. 

The FeRhIr intermediate layer showed the compositkxi of Fe47(Rh95lr5)53 and the magnetk; phase transition tem- 
perature of about 150 "C. 

The TbFeCo nriemory layer showed the compositbn of Tb^ 8(^^88^ 2)82' ™ rich property at room temperature, 
the saturatkxY magnetization Mg of -120 emu/cc, and the Curie temperature d 220 "C. 
50 Next, similarly as in Example 2, mark length deperKlence of C/N and crosstalk of the magnetooptical recording 

medium thus obtained were checked. The resutts are listed in Table 1 . 

Next, magnetk: super-resolutksn magnetooptk:al recording media of the conventbnal example were prepared, and 
they were similarly evaluated and measured as comparative examples using the same apparatus in the above examples, 
which is discussed in the following. 

55 

Comparative Example 1 

Next, a same medium as the medium as described in Japanese Laid-open Patent /Vppficatran No. 6-124500, which 
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is a magnetooptical reoorcfing medium without the intemtediate tayer of the magnetic phase transition material, was 
prepared and evaluated. Using the same film-fonming apparatus arKi film-forming method as in Example 2. the SiN 
Interference tayer was first formed in the thtckrtess of 90 nm on a glass sut>strate. and sut>sequently, the GdFeCo re- 
produchg layer was formed in the thickness 40 nm. the TbFeCo memory tayer in the thiclcness 40 nm, and the SiN 

s protective layer in the thiclcness 70 nm in order, thus obtaining a magnetooptical recording medium. 

The composition of the GdFeCo reproducing tayer was set so that the composition was RE rich at room temperature, 
the saturation magnetization Mg 180 emu/cc, the compensation temperature 240 <'C. and the Curie temperature r)ot 
less than 300 "C. Also, the composition ot the TbFeCo n^emory layer was set so that it was TM rich at room temperature, 
the saturation magnetization hA^ 150 emu/cc. and the Curie temperature 250 ''C. 

10 After that, simitarty as in Examples 2 and 3. mark length depertdence of C/N ratio and crosstalk were measured. 

The results are listed in Table 1. 

Comparative Example 2 

IS A magnetooptical recording medium with the intermediate tayer, which was not made of the magnetic phase tran- 

sition material, was prepared and evaluated. Using the sarrte fitm-torming apparatus and ftlnrv-forming method as in 
Example 2. the SiN interference layer was first formed in the thckness of 90 nm on a glass substrate, and subsequently, 
the GdFeCo reproducing tayer was fomr^ed in the thckness 40 nm, the GdFe intermediate layer in the thickness 10 nm. 
the TbFeCo memory layer in the thk;kness 40 nm. and the SiN protective tayer in the thickness 70 nm in order, thus 

20 obtaining a magnetooptical recordir^g nnedium. 

The composrtksn of the GdFeCo reproducing tayer was set so that it was RE rk:h at room temperature, the saturatnn 
magnetizatk)n 1^ was 1 80 emu/cc, the compensation temperature 240 °C, and the Curie temperature not less than 300 
**C. The compositkxi of the GdFe intermediate tayer was set so that h was RE rk:h at room temperature, the saturation 
magnetization Mg 480 emu/cc, and the Curie temperature 1 90 *'C. Also, the composition of the TbFeCo memory layer 

25 was set so that it was TM rich at room temperature, the saturatrcn magnetization Mg 150 emu/cc, and the Curie tem- 
perature 250 **C. 

After that, similarty as in Examples 2 and 3. mark length dependence of C/N ratio and crosstalk were measured. 
The results are listed In Table 1. 

30 TABLE 1 





C/N (dB) 


Crosstalk (dB) 


Mark length 


0.78 pm 


0.40 ^m 


0.30 nm 


0.78 nm 


Example 2 


50.0 


45.6 


39.2 


-38 


Example 3 


50.2 


45.7 


39.8 


-39 


Comparative Example 1 


50.1 


36.8 


22.0 


-32 


Conrtparative Example 2 


50.2 


42.0 


35.6 


-36 



40 

As apparent from the measurement results listed in Table 1 . the media of Exanrtples 2, 3 according to the present 
invention demonstrated high C/N ratk>s without applcatnn of the reproducing magnetic fiekJ, particularly in the meas- 
urement results of short mark lengths, and improvement in crosstalk at the same tinne. On the other hand, the medium 
of Comparative Example 1 failed to achieve sufficient C/N ratos. Further, the medium of Comparative Example 2 also 
45 failed to achieve C/N ratk)s comparative to Xttose of the media of the present inventkxi. 

Next, using the media of the above Examples 2, 3 and the medium of Comparative Example 2, recording of mark 
length 0.4 ^m was carried out in the media and reproductk)n was carried out as applying the external magnetk: field. 
The results confirmed that the media of Examples 2, 3 showed no deterioraticn'of C/N ratk>s even with applcatkxi of 
the external magnetk: fieki of ±500 Oe. In contrast, the medium dt Comparative Example 2 showed a drop of C/N ratk> 
S0 of about 2 dB with appVtcalion of the external magnetk; field of ±300 Oe. and a drop of C/N ratio of not less than 5 dB 
with application of the external magnetic fieki of ±500 Oe. 

From the above results, the magnetooptical recording media of the present inventwn can demonstrate improvement 
both in C/N ratk> and crosstalk with applying no reproducing magnetk: fieb alone or with applying neither the initializatk)n 
magnetic field nor the reproducing magnetk: fieki. and can increase both the linear recording density and the track der)srty. 

55 
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Claims 

1. A magnetooptical recording medium cxynprising: 

a transparent substrate; 

a first nnagnetic layer laid on said substrate, said first magnetic layer fiaving in-plane magnetization at room 
temperature and vertical magnetization at an elevated temperature; 

a second magnetic layer for storing information, said second magnetic layer being laid on said first nr^gnetic 
layer and having vertical magnetization between the room temperature and a Curie temperature thereof; and 

a third magnetic layer disposed between said first' magnetic layer and second magnetic lay^ and made of a 
magnetic phase transition material undergoing reverstole transition from antiferromagnetism to ferronragnelism; 

wherein an antiferromagnetism-ferromagnetism phase transition temperature of said third magnetic layer is 
near a temperature at which said first rrtagnetic layer changes from ir>-plane magnetization to vertical magnetization. 

2. The magnetooptical recording medium according to Claim 1 , wherein said third magnetic layer comprises a main 
component of FeRh. 

3. An information reproducing method for reproducing information from a magnetooptical recording mecfium compris- 
ing: 

a transparent substrate; 

a first nriagnetic layer laid on said substrate, said first magnetic layer having in-plane magnetization at room 
temperature and vertical magnetization at an elevated temperature; 

a second magn^ic layer for storing information, said second magnetic layer being laid on said first magnetic 
layer arKi having vertical nr^gnetization between the room temperature and a Curie temperature thereof; and 

a third magnetic layer disposed between said first magnetic layer and second magnetic layer and made of a 
magnetic phase transition nreterial urxiergoing reversible transition from antiferronDagnetism to ferromagnetism; 

wherein an antifen-omagnetism-ferromagnetism phase transition temperature of said third magnetic layer is 
near a temperature at which said first magnetic layer changes from in-plane magnetization to vertical magnetization, 

said information reproducing ntethod comprising the following steps: 

a step of forming a lig^t spot as irradiating laser light through said substrate to said first magnetic layer; 

a step of causing a temperature distribution caused by in-adiation of said laser light to define, in said light spot, 
a first region in which magnetization of said first magnetic layer is oriented mainly longitudinally and in which magnetic 
domain information in said second magnetic layer is masked against reading by the magnetooptical effect, and a 
second region in which said first magnetic layer changes into vertical magnetization and in which the magnetic 
domain information recorded in said second magnetic layer is transferred to said first magnetic layer; and 

a step of reproducing the magnetic domain information in said second region by the magnetooptical effect, 
utilizing reflected li^t of said laser light. 

4. The information reproducing method according to Claim 3, wherein said third magnetic layer is nrainly in an antif- 
erromagnetic phase in said first region and said third magnetic layer is mainly in a ferromagnetic phase in said 
seccfKJ region. 

5. A magnetooptical recording niedium comprising a first magnetic layer actir^ as a reproducing layer; a second mag- 
netic layer acting as a storage layer; and a third magnetic layer between the first arKl second layers having a revers- 
ible magnetic phase transition from antiferromagnetism to ferromagnetism above a defined temperature such that 
the third layer acts as a shielding layer for the storage layer at temperatures below the defined temperature. 

6. A rragnetooptical recording method for recording information onto a magnetooptical recording medium according 
to cbim 5 including directing a light beam onto the medium so as to heat a selected region of the medium above 
the defined temperature and at a temperature so as to record the information in the second layer in the selected 
region. 

7. A magnetooptical reproducnig method for reproducing informatkxi recorded on a magnetooptical recording medium 
according to claim 5 including the step of directing a light beam onto the medium so as to heat a selected region of 
the medium above the defined temperature and at a temperature so as to reproduce from the first layer information 
recorded on the second layer in the selected region. 

8. A magnetooptical recording apparatus for performing a method according to Claim 6. 
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9. A magnetooptical reproducing apparatus for preferring a method according to Claim 7. 
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